This paper studies the asymptotic stability problem for a class of impulsive switched systems with time invariant delays based on linear matrix inequality(LMI) approach. Some sufficient conditions, which are independent of time delays and impulsive switching intervals, for ensuring asymptotical stability of these systems are derived by using a Lyapunov-Krasovskii technique. Moreover, some appropriate feedback controllers, which can stabilize the closed-loop systems, are constructed. Illustrative examples are presented to show the effectiveness of the results obtained.
systems are usually called impulsive switched systems. They present an effective and a convenient way to model those physical phenomena which exhibit abrupt changes at certain time points due to impulsive inputs or switchings. For these impulsive switched systems, there is an increasing interest among the control community in terms of stability analysis and the design of stabilizing feedback controllers so as to achieve a required stability performance. For example, in [1] , some sufficient conditions for asymptotic stability of linear impulsive switched systems are obtained and the Lyapunov direct method is used to design linear feedback controllers which can robustly stabilize impulsive switched systems. In [2] , a unified approach, which only requires a non increasing Lyapunov function along each part or unit of a system, is developed for analyzing the stability of impulsive switched and hybrid systems. For stability with definite attenuance, robust H ∞ stability and stabilization with definite attenuance for impulsive switched systems with time-varying uncertainty are studied by using the LMI method in [3] . In addition, a procedure is also presented in [3] for the construction of a robust H ∞ static state feedback controller that guarantees both robust stability with definite attenuance and robust H ∞ performance.
On the other hand, time delay systems have also received an increasing attention among the control community. See, for example [6] [7] [8] [9] and the references therein. The Lyapunov-Krasovskii Functional technique [6] is a useful technique, which extends the Lyapunov stability theory to time delay systems. Most of the results obtained for time delay systems are based on either Riccati inequalities or linear matrix inequalities. In this paper, our aim is to apply the Lyapunov-Krasovskii technique to impulsive delayed switched systems, to derive sufficient conditions for stability performance and to design feedback controllers based on the linear matrix inequalities approach. Our results are independent of time delays and impulsive and switching intervals. Some stability criteria expressed in terms of linear matrix inequalities are presented. They are easy to solve using the LMI toolbox within the Matlab environment.
The rest of the paper is organized as follows. In Section 2, an uncertain impulsive switched system with time delay is introduced. In Section 3, stability results based on the Lyapunov-Krasovskii method are obtained and some stability criteria expressed in terms of LMIs are derived. In Section 4, numerical examples are solved so as to illustrate the results obtained. Finally, we draw some concluding remarks in Section 5.
System description
Consider the following impulsive switched system with time delay
where
, with n, p ∈ N , are the state and control vectors, respectively.
is a discrete state variable, t k is an impulsive switching time point and t 0 < t 1 < t 2 < ... < t k < ... < t ∞ . Under the switching law of system (1), at the time point t k , the system switches to the i k subsystem from the i k−1 subsystem. Matrices ∆A i k (·) and ∆B i k (·) are unknown real norm-bounded matrix functions which represent time-varying parameter uncertainty. Assume that the admissible uncertainties are of the form
and
, in which I denotes the identity matrix of appropriate dimension.
Asymptotic stability results
In this section, stability criteria for impulsive switched systems with timeinvariant delays are derived. Before this, we need the following lemma. 
Our main results on the asymptotic stability of the impulsive switched systems with time-invariant delays are presented in the next two theorems. 
Then, the trivial solution of the impulsive switched system (1) with the control input u(t) = 0 is asymptotically stable.
Proof.
When t ∈ (t k , t k+1 ], consider the Lyapunov-Krasovskii function candidate
The derivative of the function defined by (6) along the solution of the impulsive switched system (1) is:
(7) can be rewritten as:
If (4) is satisfied, then
It means that the impulsive switched system is asymptotically stable, except possibly at the impulsive and switching points. Now, let us look at these time points. Note that at the time point t k , k = 1, 2, ..., the system switches from the i k−1 subsystem to the i k subsystem. To ensure the asymptotic stability, the following condition is required to be satisfied:
This means that
or, equivalently,
From Schur complements [10] , we see that the inequality (10) is equivalent to that of (5). This completes the proof. 
Then, the trivial solution of the impulsive switched system (1) with the control input u(t) = 0 is asymptotically stable.
Proof.
Define
Then, we have
The stability condition D + V (x(t)) < 0 can be obtained if the inequalities
hold.
Then, (18) will hold if the following condition is satisfied:
Then, by left multiplying and right multiplying (19) by
This completes the proof.
Design of feedback controllers
In this section, we focus on the design of feedback controllers of the form u(t) = L i k x(t) for impulsive switched systems with time delays. Thus, the objective of this section is to provide a computational procedure to construct an appropriate L i k such that the corresponding closed-loop system is stable. 
Then, the trivial solution of the impulsive switched system (1) is asymptotically stable.
Proof. (1). Then, the corresponding impulsive switched system (1) become
Hence, the conclusion of the theorem follows readily from the proof of Theorem 2. This completes the proof. 
Then, the trivial solution of impulsive switched system (1) is asymptotically stable. Moreover,
is a feedback controller which stabilizes the corresponding closed-loop impulsive switched system. (1) . Then, the corresponding impulsive switched system (1) becomes 
Proof: Substitute the feedback controllers u(t) = L i k x(t), where
Then, the trivial solution of the impulsive switched system (1) is asymptotically stable. Moreover,
is a feedback controller which stabilizes the corresponding closed-loop impulsive switched systems.
Proof.
The matrix inequality (25) can be written as
Then, we can see that (34) is equivalent to the following condition
DefineŴ
Then, left multiplying and right multiplying (36) byŴ i k andŴ
The rest of the theorem can be obtained readily from Theorem 5. This completes the proof. We now consider the case of no switchings in the system (1). For this case, system (1) becomes:
The admissible uncertainties are of the form
where E, H, J are known real constant matrices, F (t) is an unknown real time-varying matrix satisfying F T (t)F (t) < I.
Corollary 9
Suppose that there exist symmetric and positive definite matrices P , Q and some positive scalars ε 1 , ε 2 , such that the following LMIs are satisfied:
Then, the trivial solution of the uncertain impulsive system (39) with the control input u(t) = 0 is asymptotically stable.
Corollary 10
where U U
Then, the trivial solution of the uncertain impulsive system (39) is asymptotically stable. Moreover,
is a feedback controller which stabilizes the corresponding closed-loop impulsive systems.
Numerical examples and simulations
We consider two examples in this section.
Example 1 Consider the following impulsive delayed switched system under a given switching law. That is, the switching status alternates as
.., and F 1 = F 2 = sin(10 * t). We consider robust performance of the system using Theorem 3. The parameters of the system are specified as follows: It means that there exist P 1 , Q 1 , P 2 , Q 2 such that (11)-(13) are satisfied, so the system is asymptotically stable by Theorem 3. Let (2, −1.5) be the initial point. Fig. 1-Fig. 2 show the state trajectories of the impulsive delayed switched system with a constant interval time ∆t k ≡ 1. The solid, dotted, and dashed-dotted curves are for cases with the delay h chosen as 0.1, 0.3, 0.8, respectively. Fig. 1-Fig. 2 also show that a longer time delay will result in a slower convergence rate. Fig. 3-Fig. 4 show the state trajectories of the impulsive delayed switched system with a constant time delay h ≡ 0.2. The solid, dotted, and dashed-dotted curves are for cases with the interval ∆t k chosen as 0.5 and 1, 2, respectively. Fig. 3-Fig. 4 also show that a longer interval will result in a slower convergence rate. Choose ε 1 = ε 2 = 1. Then, using the feasp command within the MATLAB environment, we calculate the positive define symmetric matrices as given below. Furthermore, we also obtain the following linear memoryless time-variant controller Given initial point (1, −1). Fig. 5 and Fig. 6 show the state trajectories of the impulsive delayed switched system with a constant interval time ∆t k ≡ 1. The solid, dotted, and dashed-dotted curves are for cases with the delay h chosen as 0.1, 0.3, and 0.8, respectively. Fig. 7 and Fig. 8 show that the state trajectories of the impulsive delayed switched system with a constant time delay h ≡ 0.2. The solid, dotted, and dashed-dotted curves are for cases with the interval ∆t k chosen as 0.5, 1, and 2, respectively. Fig. 5-Fig. 8 also show that with the linear feedback controller, the uncertain impulsive switched system converges to the equilibrium point. 
Conclusion
The stability problem of a class of impulsive delayed switched systems was studied. By constructing appropriate Lyapunov-Krasovskii functions and using LMI approach, some asymptotic stability criteria were obtained and some appropriate feedback controllers were constructed. As an illustration, two numerical examples were solved using the results obtained in this paper.
